[1] We invert 115 differential interferograms derived from 47 synthetic aperture radar (SAR) scenes for a time-dependent deformation signal in the Santa Clara valley, California. The time-dependent deformation is calculated by performing a linear inversion that solves for the incremental range change between SAR scene acquisitions. A nonlinear range change signal is extracted from the ERS InSAR data without imposing a model of the expected deformation. In the Santa Clara valley, cumulative land uplift is observed during the period from 1992 to 2000 with a maximum uplift of 41 ± 18 mm centered north of Sunnyvale. Uplift is also observed east of San Jose. Seasonal uplift and subsidence dominate west of the Silver Creek fault near San Jose with a maximum peak-to-trough amplitude of $35 mm. The pattern of seasonal versus long-term uplift provides constraints on the spatial and temporal characteristics of water-bearing units within the aquifer. The Silver Creek fault partitions the uplift behavior of the basin, suggesting that it acts as a hydrologic barrier to groundwater flow. While no tectonic creep is observed along the fault, the development of a low-permeability barrier that bisects the alluvium suggests that the fault has been active since the deposition of Quaternary units. 
Introduction
[2] The Santa Clara valley aquifer, located in the San Francisco Bay Area, represents a complex network of permeable, water-bearing units where groundwater is exchanged between units under different confining pressure (Figure 1 ). Fine-grained sediments deposited during periods of high sea level are interfingered with coarse-grained sediments derived from the surrounding uplands [Clark, 1924; Iwamura, 1995] . The layers of fine-grained interbeds consisting of mostly clay and silt restrict the vertical flow of groundwater. While groundwater flows more freely through the horizontal layers of sand and gravel, changes in stream channels during deposition disrupt the connectivity of the permeable units. The withdrawal or recharge of groundwater places the aquifer in a state of disequilibrium where hydraulic gradients drive flow. The time required to achieve equilibrium following a perturbation depends on the thickness, connectivity, and hydraulic diffusivity of permeable units [Alley et al., 2002] .
[3] The redistribution of groundwater produces a poroelastic response which can be observed as a surface deformation signal [Rice and Cleary, 1976] . Pore pressure changes, which are reflected by a change in head level, correspond to a change in the effective stress of the opposite sign. Therefore an increase in pore fluid pressure results in a decrease of the effective stress on the granular skeleton which supports the vertical load. As head levels increase or decrease, an elastic response is observed as either rebound or subsidence, respectively, of the surface typically on the order of cm.
[4] Inelastic deformation can also be observed in regions where excess groundwater pumping results in the compaction of previously saturated sediments. The pumping of groundwater from the aquifer reduces the pore pressure in the water-bearing units and the imposed hydraulic gradient drives groundwater out of the interbeds. The increase in the vertical effective stress within the interbed results in the irreversible compaction of compressible clay and silt units through the settling of grains [Poland and Davis, 1969] . The compaction can be observed as land subsidence with deformation on the order of meters for major aquifers.
[5] Interferometric synthetic aperture radar (InSAR) is an attractive method for observing deformation attributed to groundwater movements and land subsidence because it provides both a spatially and temporally rich data set [Massonnet et al., 1997; Fielding et al., 1998; Galloway et al., 1998; Amelung et al., 1999; Bawden et al., 2001; Hoffmann et al., 2001] . Under optimal conditions, a differential interferogram derived from two SAR scenes provides a spatially continuous measurement of the change in range between the satellite and the ground during a given time period [Gabriel et al., 1989; Massonnet et al., 1993] . These observational data provide a spatial sampling on the order of tens of meters, whereas level lines or GPS bench marks are typically more sparsely distributed. Since existing satellite systems repeat their orbit on the order of weeks, InSAR has the potential to resolve time-dependent deformation. However many InSAR studies have not utilized all of the available SAR data either because of the excess time required to process the interferograms or because of the lack of data analysis tools used to synthesize the information constrained in extensive InSAR data sets. New techniques that address the difficulties of dealing with large numbers of interferograms and extract a time-dependent signal are continuing to be developed by the community [Beauducel et al., 2000; Ferretti et al., 2000; Lanari et al., 2002] .
[6] In this paper, InSAR is used to resolve both the spatial and temporal pattern of uplift of the Santa Clara Valley aquifer over an 8-year period. We present a linear inversion scheme that solves for a range change time series using 115 differential interferograms. The abundance of InSAR data allows us to resolve both a seasonal and long-term pattern of uplift. The InSAR time series provides some insight on the mobility of groundwater within the aquifer and the distribution of permeable units.
Groundwater History of the Santa Clara Valley
[7] The Santa Clara Valley, located in the San Francisco Bay Area, has experienced a long history of land subsidence resulting from the excess pumping of groundwater [Poland and Ireland, 1988] . Beginning in the early 1900s, agriculture depended heavily on groundwater for irrigation. As farms were replaced by urban and industrial development in the 1940s, the extraction rate of groundwater continued to increase with the population. A decrease in rainfall during the first half of the twentieth century coupled with an increase in the rate of pumpage resulted in a substantial drop in artesian head levels by as much as 64 m from 1912 to 1966. This drop in head level was accompanied by as much as 4 m of land subsidence (Figure 2) .
[8] The unchecked withdrawal of groundwater presented several social and economic problems. As the head levels dropped below sea level, the hydraulic gradient reversed direction away from San Francisco bay which raised concerns over saltwater intrusion. The compaction of fine-grained sediments in the aquifer caused well casings to fail under vertical compression. The subsidence redirected the flow of surface water requiring the redesign of flood control levees. The direct cost of these and other contingencies was estimated by Fowler [1981] to exceed $100 million.
[9] Recovery efforts since the 1960s have allowed water levels to partially recover while also stopping the compaction of sediments. The importation of outside sources of water through the construction of various state and municipal aqueducts provided a means to offset the effects of [Jennings, 1994] . Major drainage channels appear as gray lines. The inset shows the location of the Santa Clara valley (gray box) within the San Francisco Bay Area. The tilted rectangles identify the SAR frames along tracks 70 and 478. ETG 4 -2 groundwater withdrawal. Percolation ponds were constructed on the margins of the valley to increase the recharge from winter runoff. A decrease in the rate of withdrawal and favorable rainfall totals also contributed to the recovery. By 1980, head levels had recovered by as much as 24 m. However, no significant uplift was observed as the head levels recovered illustrating the unrecoverable compaction of the interbeds. Prudent water management seeks to find the proper balance between groundwater withdrawal and recharge such that the compaction of sediments is minimized. InSAR data can provide observational evidence that compaction has ceased while also providing new insight into the dynamics of the groundwater system.
InSAR Methodology
[10] To observe the time-dependent deformation in the Santa Clara valley we processed 115 differential interferograms, which are distributed from June 1992 to September 2000 ( Figure 3 ). Synthetic aperture radar (SAR) data were collected over the San Francisco Bay Area by the European Space Agency (ESA) using the ERS-1 and ERS-2 spacecraft. We chose to limit the number of interferograms used in the analysis to those with small perpendicular baselines (<200 m) to ensure that errors imposed by topography remain small. Interferograms are produced using the Repeat Orbit Interferometry Package (ROI PAC) developed at the Jet Propulsion Laboratory and the California Institute of Technology (JPL/Caltech). SAR data are processed using 8 looks in range and 40 looks in azimuth resulting in a pixel width of roughly 150 m. A weighted power spectral density filter and an adaptive filter are applied to each interferogram [Goldstein and Werner, 1998 ]. Processing parameters were chosen to counter temporal decorrelation in those interferograms spanning several years while maximizing resolution.
[11] Topography is removed from each interferogram using a 30 m U.S. Geological Survey (USGS) digital elevation model (DEM) and an evaluation of the elevation model suggests that imposed errors are negligible. A DEM of the Bay Area derived from the Shuttle Radar Topography Mapping (SRTM) mission was not available at the time that the interferograms were processed. Upon the recent release of the SRTM data a comparison was performed with the USGS DEM. A 50-km-wavelength signal with a maximum peak-to-trough amplitude of 2.7 m was found in the residual between elevation models for the flat, urban regions of the bay area. However, the analysis of tandem ERS InSAR data (1-day interferograms) suggests that this anomalous signal originates from the SRTM data set. A 2.7 m elevation change would translate to $1 mm in range change for a perpendicular baseline of 100 m. Therefore errors imposed on the interferograms from the USGS DEM are likely to be <1 mm.
[12] We minimize orbital gradients across the interferogram by utilizing coherent data from the entire SAR frame to flatten the phase. Orbital errors produce near-linear gradients across an interferogram. We use Precise Orbit Products provided by ESA as the initial parameters when calculating the orbital baseline. The regional gradient associated with the interseismic strain field across the bay area is removed using a dislocation model derived from available GPS data presented by Bürgmann et al. [2000] . Regions of isolated, coherent data located in the eastern regions of the bay area are connected by manually estimating the number of wavelength cycles represented by the deformation field across the incoherent gaps before an automated algorithm unwraps the phase. Orbital baseline values are then reestimated using the flattened interferogram and the interseismic gradient is added back to the interferogram. Each interferogram is geo-referenced to the USGS DEM and a subsection surrounding the Santa Clara valley is extracted for analysis. Finally, the range change is referenced to Oak Hill, an outcrop of consolidated bedrock located in the southern portion of the Santa Clara valley [Wentworth et al., 1999] , which is assumed to be less susceptible to any groundwatercontrolled deformation.
[13] A least squares inversion is performed that translates the set of interferograms into a range change time series that describes the time-dependent surface deformation. The linear inversion methodology is described in Appendix A. The time series is constructed by solving for the incremental range change between synthetic aperture radar (SAR) data acquisitions. The final time series has an irregular temporal sampling where each time step corresponds to the acquisition date of a SAR scene. The ERS spacecraft repeat their orbits every 35 days; however, longer gaps occur when acquisitions were not scheduled, orbit baselines were unsuitable, or the spacecraft orbital configuration was altered. A comparison of the time series result with individual interferograms illustrates the ability of the time series to fit the original data ( Figure 4) .
[14] The errors for the time series result are estimated by calculating the model variances [Menke, 1989] . We assume that the standard error for the range change observation is 0.004 m. Using the covariance of the least squares solution, the time series error s t at time t can be estimated using the generalized inverse G Àg (see Appendix A) and the identity matrix I,
While this approach does not fully address the true covariance structure of the InSAR data, it does illustrate how errors are propagated through the inversion. Other data analysis techniques that derive estimates of the variance from the data, such as stacking, would produce smaller estimates of the standard error than those calculated above. However, for the time series inversion a higher error estimate is expected because the time-dependent signal is not constrained to a specific form. For example, stacking assumes that deformation rates are constant and this assumption acts as an additional constraint.
[15] The analysis of descending and ascending InSAR data, which use different look vectors, suggests that the observed deformation is predominantly vertical. Descending and ascending SAR data are collected by the ERS-1 and ERS-2 spacecraft along two different orbital tracks. Track 70 is on a descending trajectory with the satellite moving from north to south and the antenna looking to the northwest (look azimuth $284°). Track 478 is on an ascending trajectory with the satellite moving from south to north looking to the northeast (look azimuth $76°). The differing look vectors can be used to decipher vertical from horizontal deformation if one component of the three-dimensional deformation field can be independently constrained. Both the ascending and descending data are consistent with the assumption that the ground deformation is predominantly vertical. Since only 9 ascending interferograms are available, we were unable to quantitatively estimate any small component of horizontal deformation that might accompany uplift or subsidence. While the look angle varies across a SAR frame, we use the angle of 20°at the center of the valley and multiply the range change observations by 1.064 to project them onto a vertical unit vector.
Results for the Santa Clara Valley
[16] The InSAR time series reveals an overall pattern of uplift since 1992 with as much as 41 ± 18 mm of uplift centered north of Sunnyvale (Figure 5a ). Most of this uplift occurs between 1992 and 1998 with a mean uplift rate of 6.4 ± 2.2 mm/yr. From Sunnyvale, the surface deformation extends along several major tributaries, especially along Calabazas and Saratoga creeks. An additional center of uplift is observed to the east of San Jose. The southwestern portion of the valley shows no distinctive pattern of deformation. Subsidence relative to Oak Hill is only observed along the western valley margin where the Plio-Pleistocene Santa Clara formation is found to outcrop.
[17] Accompanying the net uplift, a seasonal uplift pattern is resolved with the largest peak-to-trough fluctuations centered near San Jose (Figure 5b ). The seasonal signal is sharply bounded to the east by a structure that aligns with the northward extension of the Silver Creek fault [Ikehara et al., 1998 ]. Both ascending and descending interferograms show consistent deformation across this fault demonstrating that the relative motion is vertical and not related to strikeslip fault motion. The fault appears as a sharp discontinuity in the deformation field of several interferograms. A seasonal subsidence pattern is also observed in the northwest portion of the valley.
Evaluation of Spatial Accuracy
[18] The InSAR time series compares well with elevation changes measured using spirit leveling corroborating the inferred pattern of uplift. Level line data were collected in the valley beginning in 1912 [Poland and Ireland, 1988] . Since 1989 the Santa Clara Valley Water District has performed yearly leveling surveys across the valley (Figure 1 ). In 1999 a leveling route was added running west-to-east across the southern half of the valley and observations were increased to biyearly sampling. Cumulative deformation along each level line is compared to profiles across the InSAR time series (Figure 6 ). The shape of the profiles agrees well except for a significant discrepancy between kilometers 0 to 5 in Figure 6b . Differences between the InSAR time series and the level data may reflect additional subsidence during the time from when the level data were collected and when the SAR data were acquired, artifacts in the InSAR data, propagating errors along the leveling line, or the local motion of individual bench marks.
Evaluation of Temporal Accuracy
[19] The temporal evolution of the surface deformation agrees with the borehole extensometer data available at two locations. Extensometers which measure the sediment compaction and expansion were installed in the valley by the USGS in the early 1960s to study the relationship between head level, compaction, and subsidence [Lofgren, 1961] . The Santa Clara Valley Water District currently maintains extensometers at SUNNY and MARTHA which are anchored at a depth of 306 and 183 m, respectively (see Figure 1 for location). The temporal accuracy of the InSAR time series can be evaluated by comparing it to the compaction as measured by the extensometers. Both the trend and the magnitude of the seasonal oscillation agree between the two data sets (Figures 7a and 7b ) and suggest that all seasonal deformation is confined within the depth range of the extensometer boreholes.
[20] Head levels which are sampled on a monthly basis at several wells are found to be highly correlated with the seasonal uplift. Head levels and compaction data can be used to calculate the elastic skeletal storage coefficient S ke which describes the elastic response of the aquifer to a change in effective stress [Lohman, 1961] . The change in water level Áh is related to the change in compaction Áb according to Áb = ÀÁh Â S ke . The uplift signal of the InSAR time series is compared to the compaction calculated for a well located near San Jose assuming S ke = 1.5 Â 10 À3 as determined by Poland and Ireland [1988] (Figure 7c ). The inferred compaction closely follows the measured uplift signal suggesting that the ongoing deformation is elastic.
Discussion

Interpretation of Uplift and Subsidence Pattern
[21] The Santa Clara Valley aquifer can be subdivided into several hydrogeologic units [Carroll, 1991; Iwamura, 1995] . The forebay region includes the alluvial fan deposits found along the perimeter of the valley where high vertical permeabilities allow surface water to infiltrate the aquifer. Groundwater then flows horizontally into the confined Figure 1 ). Range change data are projected onto a vertical unit vector. Gaps in the InSAR profile reflect regions where the phase is incoherent and therefore no data are available. Since a common vertical reference does not exist for both data sets, the level line data are arbitrarily shifted vertically so that the profiles can be compared to the InSAR data. Errors in elevation change relative to the westernmost bench mark accumulate along the leveling line according to 2.24 mm/ ffiffiffiffiffiffi km p . The maximum change in topography (not shown) across the valley is 70 m, and most of this change is located near the edges of the valley. zone, a region in the central part of the valley where waterbearing units are capped by thick layers of fine silt and clay which restrict the vertical flow of groundwater. The primary confined aquifer is located at a depth interval of 60-300 m and consists of unconsolidated alluvium over the semiconsolidated alluvium of the Plio-Pleistocene Santa Clara formation. Well log data and hydraulic head levels have identified a sequence of productive water-bearing units referred to as the Agnew aquifer [California Department of Water Resources (CDWR), 1967; Johnson, 1995] , although several overlying aquifer and aquitards are found beneath the confined zone. The deposition of this structure is associated with the ancestral drainage of Coyote creek and the Guadalupe river, both of which transport sediment down the valley axis to the bay [Meade, 1967; CDWR, 1967] . The overall thickness of the aquifer is unconstrained for much of the valley because few of the wells reach the consolidated bedrock of the Franciscan complex. At several localities, such as in San Jose and north of Sunnyvale, the depth to basement is believed to be in excess of 420 m [Meade, 1967; CDWR, 1967] . Well data suggest that the depth to basement is highly variable throughout the San Francisco Bay region where faulting and erosion during periods of low sea level have created an irregular bedrock surface [Atwater et al., 1977] .
[22] The spatial pattern of land subsidence observed during the first half of the twentieth century correlates with the lateral extent of the confined aquifer. From 1934 to 1960, maximum subsidence was centered north of Sunnyvale and in the region directly east of San Jose (Figure 2 ) [Poland and Ireland, 1988; Poland and Green, 1962] . In the decade that followed, subsidence continued primarily in the vicinity of San Jose. The correlation of the land subsidence and the spatial extent of the confined aquifer is not surprising given that the greatest amount of compaction occurs in the fine-grade interbeds.
[23] The surface deformation observed from 1992 to 2000 reflects the poroelastic response of the confined aquifer resulting from the redistribution of groundwater. The longterm uplift and seasonal deformation revealed by the InSAR data are located within the limits of the confined aquifer. Analysis of head levels within different stratigraphic units suggest that pore pressure fluctuations within the confined aquifer can be considerably larger than that observed in the unconfined water table [Carroll, 1991] . This suggests that the confined aquifer is the predominant source of the deformation. As the seasonal recharge of groundwater begins to outpace withdrawal, head levels increase resulting in uplift.
[24] The surface deformation suggests that the aquifer can be further subdivided into different domains that are controlled by the distribution of hydrogeologic properties. Seasonal uplift and subsidence shown in Figure 5b outlines a region that broadens toward the north. The southern end of the seasonal uplift signal is colocated with the southernmost limit of the confined zone. Recharge of the basin is accommodated through the flow of subsurface water from the Coyote valley located to the south of the Santa Clara valley. Subsurface water flows through a narrow alluvial channel between Oak Hill and Edenvale Ridge from where it cascades into the deeper aquifer [CDWR, 1967] . Using statistical correlations between well perforation indicators, Johnson [1995] found that coarse-grained units are more abundant near San Jose than in Sunnyvale. Similarly, Meade [1967] and Johnson et al. [1968] found that fine sands and clays were more predominant in the stratigraphic column beneath Sunnyvale. This suggests that the two regions of the aquifer that exhibit different deformation styles also have different hydrogeologic properties. A higher permeability within and greater connectivity between permeable units beneath San Jose may facilitate the flow of groundwater to regions of the aquifer under lower confining pressures. The large seasonal uplift signal may reflect the rapid redistribution of groundwater whereas the long term uplift reflects the net increase in pore fluid pressure.
[25] While uplift is observed from 1992 to 2000, some interbeds may still experience compaction either as a consequence of the historical withdrawal of groundwater or from pumping during the summer months. Since the hydraulic conductivity of interbeds is low compared to the surrounding aquifer, the flow of groundwater out of the interbeds continues as long as hydraulic gradients persist. For example, in the 1960s, Poland and Ireland [1988] observed compaction to continue for up to a decade following the recovery of head levels. However, given that the surface deformation observed by the InSAR data is small (approximately centimeters), any compaction masked by the uplift signal from 1992 to 2000 is likely to be negligible.
Silver Creek Fault
[26] The differential subsidence across the Silver Creek fault suggests that the aquifer is partitioned at depth. Seasonal uplift and subsidence is observed on the west side of the fault while long term uplift occurs on the east side of the fault. The net uplift east of the Silver Creek fault may reflect the damming of groundwater from the eastern tributaries of the Santa Clara valley. The fault may bisect sections of the Agnew aquifer and prevent recharge from reaching the central portion of the aquifer. While faults can act as either low-permeability barriers that inhibit fluid flow or as conduits [e.g., Caine et al., 1996] , the Silver Creek fault clearly acts to partition the groundwater system. This can be accomplished either when lithologic units of different permeability are juxtaposed during faulting [Maclay and Small, 1983] , when sedimentation varies across a syndepositionally active fault [Aydin, 2000] , or by the grain size reduction and gouge development in the fault core [Teufel, 1987] .
[27] The trace of the Silver Creek fault, which has been difficult to identify in the field, can be mapped using the InSAR data. The unconsolidated alluvium conceals much of the fault network present in the Franciscan bedrock below the Santa Clara valley. The identification of these faults provides important information that could ultimately be used to evaluate the seismic hazard for the region [Rogers and Williams, 1974] . The Silver Creek fault is of special concern because of its proximity to downtown San Jose. The fault was originally identified as a west dipping thrust fault separating geologic units of the Santa Clara formation and the Franciscan complex in exposed bedrock to the south. Crittenden [1951] postulated that the fault continued beneath the alluvium to the north, although evidence indicating whether the fault has exhibited movement since ETG the Holocene was inconclusive [CDWR, 1967; Rogers and Williams, 1974; Bryant, 1981; Catchings et al., 2000] . The existence and location of the fault trace has been difficult to ascertain from hydrologic, geomorphic, or geophysical analyses. The fault trace is constrained within a 200-mwide zone where the deformation resolved by InSAR is localized. A SAR amplitude image of the region with the fault trace mapped using the InSAR phase is included in the auxiliary material data set. The zone of deformation was chosen by manually looking for inflection or knick points in the range change. Deformation is evenly distributed within the zone, although discrete jumps in phase are observed at some locations.
[28] Although the hydraulically induced deformation pattern provides constraints on the fault's location, it is difficult to infer how much slip has been accommodated or when it was most recently active. The sharp lineament observed in the interferograms suggests that the fault penetrates the alluvium, which would suggest that the fault has been active since at least the deposition of the shallow aquifer. Using high-resolution gravity and magnetic data, Jachens et al. [2002] suggest that significant right-lateral slip has been accommodated along the Silver Creek fault as evidenced by the formation of an extensional basin to the east. Several km of offset along the Silver Creek fault may be sufficient to form a fault core capable of inhibiting fluid flow. However, offset lithologies observed by Catchings et al.
[2000] from a seismic reflection survey could produce the same groundwater damming effect without significant shear along the fault.
Conclusions
[29] The recovery of groundwater levels which began in the 1960s appears to have continued through the 1990s as inferred from the regional uplift in the Santa Clara Valley. We observe 41 ± 18 mm of uplift centered north of Sunnyvale from 1992 to 2000. Uplift is also resolved east of San Jose where the Silver Creek fault has restricted the flow of groundwater to the west. While a small, latent subsidence signal may still persist, compaction does not appear to be a significant source of deformation.
[30] The temporal and spatial pattern of uplift and subsidence afforded by InSAR provides important constraints on the lateral distribution of water-bearing units and the time scales over which the groundwater is exchanged. A higher transmissivity allows for the rapid redistribution of groundwater beneath San Jose resulting in a large, seasonal deformation signal. Ultimately knowing the lateral extent and connectivity of water bearing units will improve numerical studies which attempt to model the mechanics of the aquifer system [e.g., Wilson and Gorelick, 1996; Leake, 1990; CDWR, 1967; Helm, 1977] .
[31] We demonstrate how a complex, time-dependent signal can be extracted from a large InSAR data set. Our time series methodology does not parameterize the mode of deformation, whether it be linear, nonlinear, or sinusoidal, unlike previous time series approaches [i.e., Ferretti et al., 2000] . The inversion also acts to reduce atmospheric and orbital artifacts inherent in each individual interferogram. It provides a tool that aids in the interpretation of complex deformation patterns with applications toward the study of tectonic, hydrologic, and volcanic systems.
Appendix A: InSAR Time Series
A1. Motivation
[32] Many earth deformation processes associated with faulting, volcanoes, and fluid withdrawal or injection exhibit nonlinear behavior. Transient relaxation processes following large earthquakes produce surface displacements that decay nonlinearly with time [Bürgmann et al., 2002] . Deformation arising from volcanic inflation can be spatially and temporally variable and the observation of this complexity can provide valuable insight into the rate of fluid or magma movement within the subsurface [Wicks et al., 1998 ]. Aseismic surface creep and slow earthquakes are additional examples of transient processes that are best resolved using data sets with high spatial and temporal resolution [Lyons and Sandwell, 2003] .
[33] InSAR has the potential to resolve spatially and temporally complex deformation sources especially if redundant data can be used to separate the desirable deformation signal from noise and other artifacts, such as atmospheric delays [e.g., Sandwell and Price, 1998; Zebker et al., 1997] . Many regions of study are also affected by more than one deformation process, such as land subsidence in combination with tectonic deformation [Bawden et al., 2001; Watson et al., 2002] . The existing catalogue of SAR data collected over the past decade provides an opportunity to observe complex, nonlinear deformation. We present a technique to extract a time-dependent deformation signal that synthesizes information contained in a large InSAR data set.
A2. Inversion Methodology
[34] We invert for a time series of range change by performing a least squares inversion of differential interferograms. The definitions of parameters for the following discussion are given in the notation section and are shown schematically in Figure A1 . Vectors and matrices are denoted in bold where m 1 is the first element in vector m and G ij corresponds to element (i, j) of matrix G. The incremental range change m between SAR acquisitions can be related to the InSAR data d according to Figure A1 . Schematic showing the relationship between data and model matrices in the inversion.
Using single value decomposition to find the generalized inverse of G, m can be solved directly [Menke, 1989] . The range change time series, C, is constructed by summing the incremental range change from preceding time steps,
[35] The design matrix, G, is constructed from the temporal distribution of SAR scene acquisitions. Assume that the InSAR data set consists of N interferograms from S independent SAR scenes. The dates of the SAR scenes are contained in chronological order in the 1 Â S vector L. H is a 2 Â N matrix containing the beginning and ending date for each interferogram ordered by the date of the first scene. The incremental range change and the InSAR data are related through a combination of ones and zeros using the information in H and L,
Interferograms must be colocated and of identical dimensions. The range change in each interferogram is referenced to a reference pixel to ensure that all deformation is measured relative to a common location. The range change data are contained in the three-dimensional matrix D where D ijk is the (i, j) pixel of the kth interferogram. The data vector d contains the range change observation at a given pixel location (i, j), for all interferograms, 
The inversion discussed above is repeated at each pixel location where InSAR data are coherent for all interferograms.
[36] The acquisition rate of SAR scenes dictates the temporal resolution of the final time series, while the number and distribution of interferograms determines the model and data resolution of the inversion. Typically, the number of interferograms N is significantly greater than the number of SAR scenes S. As N approaches S, the inversion becomes less stable and it may become necessary to exclude those interferograms where a SAR scene is used only once. This helps to improve the model resolution matrix and stabilize the inversion at the expense of reducing the temporal resolution. We find that at least 30 interferograms are required to produce a reasonable time series.
[37] The utilization of redundant InSAR data, i.e., interferograms spanning similar time periods, helps to improve the model resolution of the inversion but also imposes a potential bias in the result. To avoid topography correlated errors into the interferograms, a maximum perpendicular baseline is typically chosen based on the quality of the DEM. This criteria limits the number of compatible SAR pairs making it difficult to find an independent set of interferograms. The calculation of the time series becomes a mixed-determined inverse problem where the inclusion of redundant data is crucial for improving the model resolution and assisting in the reduction of uncorrelated errors. However, SAR scenes that are more frequently utilized in the creation of interferograms have a greater impact in the inversion and could potentially bias the final time series. We investigated several schemes to weight the interferograms in an attempt to compensate for any bias imposed by individual SAR scenes. However, we found that weighting the interferograms based on scene usage did not significantly change the results of the inversion. We elected to treat each interferogram as independent data, acknowledging that interferograms that share common SAR scenes are partially correlated.
[38] SAR data collected by ERS include several inherent limitations when attempting to resolve time-dependent deformation. As with any time series, a regular and dense sampling rate is required to fully characterize a nonlinear signal. The irregular acquisition of ERS-1 and ERS-2 data remains a limitation when performing a time series analysis. For example, the InSAR time series of the seasonal uplift near San Jose does not fully capture the large peak-totrough amplitude of the compaction signal in the early part of 1997 because of the gap in available data (Figure 7c ). Complementary data sets, such as continuous GPS [Bawden et al., 2001] , can provide valuable information between SAR scene acquisitions when InSAR data are unavailable. Additionally, the ERS acquisitions largely consist of descending orbit data, limiting the potential for creating a separate time series of ascending SAR data to gain insight into the multidimensional displacement field.
A3. Reduction of Atmospheric Artifacts
[39] If the surface deformation is expected to be a smooth function of time, then a smoothing constraint can be used to Figure A2 . Determination of the smoothing parameter, g, using (a) the trade-off between the residual sum of squares and the roughness and (b) the increase in the residual sum of squares between the compaction data ( Figure 7c ) and the time series as a function of g. Ultimately, we use Figure A2b and the minimization of apparent atmospheric artifacts ( Figure A3 ) to choose a value of g = 0.14. ETG 4 -10 minimize atmospheric artifacts. Interferograms are often plagued by atmospheric artifacts which constitute the greatest source of error with InSAR [Zebker et al., 1997; Hanssen, 2001] . Any phase delay resulting from the lateral heterogeneity of the index of refraction in the atmosphere would ideally be estimated and removed from the interferograms using a priori zenith delays determined from meteorological data or continuous GPS [Williams et al., 1998 ]. Unfortunately, this information is not readily available at the required spatial or temporal resolution to be feasible for this study. In the time series analysis atmospheric artifacts produce discrete jumps that can be eliminated by assuming that range change accelerations between time steps are small.
[40] Temporal smoothing is enforced using a finite difference approximation. The smoothing constraint assumes less deformation to occur during short time periods, as would be expected for short duration interferograms (i.e., tandem pair interferograms). Thus by including a smoothing constraint, atmospheric artifacts will be minimized depending on how strongly temporal smoothing is enforced. The smoothing constraint is incorporated into the inversion by augmenting the linear equation relating the InSAR data d and the incremental range change m,
The degree of smoothing is determined by the factor g, where g = 0 corresponds to no smoothing. A direct inversion of the interferograms without imposing the smoothing constraint produces a time series that is rough and prone to sharp fluctuations from one time step to the next while a g that is too large will dampen the deformation signal.
[41] The choice of the smoothing weight is largely subjective but can be evaluated using external data sets. We attempted to use a cross-validation sum of squares (CVSS) as demonstrated by Matthews and Segall [1993] for determining the proper weight applied to the smoothing operator. The CVSS did not produce a minimum and therefore, did not constrain g. We chose a g equal to 0.14 such that the residual sum of squares (RSS = jd À Gmj 2 ) is minimized while also minimizing any atmospheric artifacts that were identified through direct inspection of the interferograms ( Figure A2 ). Auxiliary data sets, such as extensometer, leveling, or GPS data, help to evaluate whether the model is oversmoothed. A significant fraction of the roughness can be attributed to atmospheric artifacts that can produce a range change greater than 10 mm. (Figure 1 ). An atmospheric artifact that creates a range change delay of $10 mm is located at 20 km along the profile. The atmospheric delay occurs in the 16 October 1996 SAR acquisition and can be identified by examining those interferograms that use this SAR scene. Increasing the temporal smoothing parameter, g, is found to reduce this artifact.
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